Background/Aim. Soft tissue defects in the distal third of the lower leg are persistent and constitute a major problem in the reconstructive surgery. This study presents an analysis of the anatomical vascularization filed of ascending branch of the peroneal artery ramus perforans (PARS). The aim of this study was to assess reliability of the distal flap on the antero-lateral aspect of a lower leg distal third. Methods. Direct gentiana violet injection into the interosseal perforator of ten fresh cadaveric lower legs with subsequent corrosion acrylic preparation was performed to reveal vascularization filed of the ascending branch of the PARP. Height, length, diameter and communication of perforating branch and its subsequent smaller ascending and descending branches were determined. The CAMIA software was used. Results. Our results show that the PARP is always present. Its origin from the peroneal artery is at the medial height of 66 mm when measured from the inferior border of the lateral malleolus. Medium length of ramus perforans is 51.7mm. After transition through the interosseous membrane, ramus perforans divides into ascending and descending branches. The diameter proximal to the level of bifurcation is 1.37 mm (variation 1.0-1.8 mm), and the diameter of the ascending branch distal to the level of bifurcation is 1 mm. Using CAMIA software, the medium length, width and area of the vascularization filed labeled with gentian violet were calculated to be 164 mm (variation 125-210 mm), 66 mm (57-77 mm), and 10,305 mm 2 (6,385 mm 2 -14,341 mm 2 ), respectively. Conclusion. Our results support the use of fasciocutaneous distal flap, vascularized by the ascending branch of the PARP for reconstruction of soft tissue defects in the distal third of the lower limb, malleolar regions and dorsum.
Introduction
Blast injuries to the lower extremities and the feet inflicted with a large number of landmines and explosive ordnance used in modern warfare, as well as injuries resulting from industrial, traffic or similar accidents are frequently seen today.
The complexity of the management of lower leg and foot injuries accompanied by soft tissue defects arises from the anatomical specificity of the region, localization area, the size and structure of tissue defect.
The latest knowledge of anatomy, concerning particularly the structure of vascularization of some compartments, makes this area, in terms of reconstruction, very specific.
The anterior surface of the tibia is covered with a thin layer of the skin and subcutaneous tissue, so, defects to this part are ussually accopmanied by the exposed bone without periosteum, due to what an autotransplant is excluded as a method of surgical treatment 1 . Poor elasticity of the lower leg outer layer and foot skin limits its ability for transfer.
Tendons, neurovascular structures and bones are seated immediately under the skin in the distal third of the lower leg. However, reconstructive surgery requires application of full-thickness skin grafts which could hardly be harvested from that region [2] [3] [4] [5] . The most distal part of the lower leg, the malleolar region as well as the Achilles tendon area still present a serious reconstructive problem 4 . So far, some attempts have been made to bridge the defects in the malleolar and Achilles tendon area with grafts obtained from the foot dorsum 2, [6] [7] [8] [9] , and the middle third of the lower leg 4, 5, 10, 11 . All reverse fasciocutaneous flaps raised in the projection of magistral blood vessels (arteria peroneae, a. tibialis posterior, a. tibialis anterior, a. dorsalis pedis) have been used, but due to rotation of almost 180° they do not give satisfactory results, and the lack is that a large blood vessel is sacrified.
Numerous anatomical studies reporting great variations among the obtained results have been conducted to localize peroneal artery perforators more precisely 10, 12, 13 . Application of computed tomography (CT) angiography has been described in some recently published papers as well 14 . The aim of this study was to define vascularization fields of the skin and fascia vascularized by the ascending branch of the peroneal artery ramus perforans (PARP) in order to assess the level of reliability of the distal flap on the anterolateral aspect of the distal third lower leg.
Methods
This study involved 20 lower extemities from cadavers of both sex and various age. Age, sexual maturity, fully completed growing process, undiagnosed diabetes or some other vasculopathy in the lower extremity prior to death were the criteria we followed in selecting cadavers.
We applied two investigation methods, presuming that they would be sufficient to ensure reliable findings required for the assessment of the quality, design and size of a potential distally placed graft. The first method was injection of gentian violet dye with subsequent dissection of dyed tissue as potential graft material. The second method was corrosion preparation.
Prior to the application of either method, we recorded all sex-and age-related data, measured body height in centimeters (cm), and height (length) of the fibula bone in millimeters (mm).
Injection of gentian violet dye with subsequent dissection of dyed tissue as potential graft material
The selected cadavers (group 1) were positioned laterally on the opposite side to dissection. Proceeding from the principals of the topographic anatomy, we dissected 10 lower legs. Using lateral approach, we separated the peroneal artery 15 cm in length measured from the distal point of the lateral malleolus proximally, clearly localized the point of bifurcation of the perforating branch, and tied off the peroneal artery 2 cm below the bifurcation. A transverse arteriotomy was then made on the peroneal artery 5-10 cm above the bifurcation of ramus perforans, and a braunila (Romed 20G) was placed ( Figure 1a) . Firstly, we injected 10 cm 3 of lukewarm water (45ºC), and then 20 cm 3 of solution containing 95% gentian violet and 5% gelatine at temperature of 40ºC ( Figure 1, b and c ). An antilaterally marked surface of the skin on the distal third of the lower leg was, thus, obtained, and was clearly inked (red or black ink).
We then laid a transparent foil directly on the limited area of the skin and took an actual-size photo of it ( Figure  1d ). Upon reviewing the skin areas marked by gentian violet on the same legs, we started with separation and raising of the skin and fascia as ascendent branch of the PARP-based fasciocutaneous flap. Separation was done under magnification with Keller eyeglasses.
The marked surface area on the anterolateral side of the foot was not measured, it was the vascularization field of the distal branch of the PARP.
We measured the medial height of the origin of perforating branch from the inferior border of the lateral malleolus, the medium length of the marked area, the medium width and medium area of the stained segment ( Figure 1 , e-g).
The area of the skin labeled by gentian violet dye was measured in mm 2 using CAMIA software ( Figure 2 ).
Corrosion preparation
We made corrosion preparations in the 10 lower legs of cadavers from the group 2 at the Anatomic Institute, School of Medicine Belgrade in the following way:
We separated popliteal artery at the level of popliteal fossa before it bifurcates into its terminal branches and firstly injected 50 cm 3 of lukewarm water to rinse even the tiniest blood vessels, and then 50-70 cm 3 of methyl metacrylate. When it became consolidated, after three weeks, we obtained a corrosive preparation by maceration, i.e. the prints of blood vessels of the lower leg and foot ( Figure 3) . This technique enabled us to obtain even more precise anastomoses of vessels and the adjacent vascular territories as well as the internal diameters of the viewed blood vessels.
Results
The method of injection of gentian violet was applied on 10 lower legs harvested from 10 cadavers (9 males and 1 female). We always used one lower leg of one cadaver; the left leg in 6 cases and the right one in the other 4 cases.
Cadavers in the group 1 aged 22-69 years (the mean age 54 years), their body height ranged from 170-192 cm (the medium height 184.5 cm), and the length of the fibular bone averaged 467 mm (range, 410-500 mm) as presented in Table 1 .
The measured parameters included the height of the origin of perforating branch from the inferior border of the lateral malleolus, and the length, width and area of the marked skin.
The length of the marked area of the skin from the origin of perforator, distally to the top proximally, was measured to range 125-210 mm, with an average of 164 mm, while its width averaged 66 mm (range 57-77 mm). At the same time, using a special computer technique, the marked skin area was calculated to range 6 385 mm 2 -14 341 mm 2 , with an average of 10 305 mm 2 . The mean height of the ramus perforans measured origin from the inferior border of the lateral malleolus was 66 mm (range 39-82 mm) (Table 1) .
Age, sex, body height and length of fibula of the studied cadavers from the group 2 are presented in Table 2 . By applying this technique, we obtained very precise results and presented them in Table 2 as follows: length of the perforating branch to the point where it bifurcates into the ascending and descending branches; the diameter of the perforating branch before its bifurcation; height of the communication between the ascending branch and a. tibialis anterior; diameter of the ascending branch after its bifurcation; diameter of the descending branch after its bifurcation; communication between the ascending and descending branch and the adjacent blood vessels.
The parameters obtained by this method were as follows: the diameter of the perforating branch before its bifurcation was calculated to be 1.37 mm (1.0-1.8 mm); the diameter of the ascending branch after its bifurcation averaged 1.0 mm (0.8-1.2 mm) and the diameter of the descending branch was 0.99 mm (0.7-1.3 mm). The mean length of the ascending branch was 139 mm (range 120-180 mm) and the height of its communication with the ATA ranged from 75 to128 mm, with an average of 102 mm ( Table 2 ). Figure 4 shows the view of distally-based flap on the ascending branch of the PARP.
Discussion
The lower leg reconstruction presents a great challenge to the surgeons due to the simple reason that the amount of soft tissue available for reconstruction is insufficient.
The insufficiency in tissue is not reflected in the lack of the available skin cover only but in poorly developed subcutaneous tissue and a small number of muscles for reconstruction of some defect 15 . It is important to emphasize that during the war waged on the territory of the former Yugoslavia the wounds to the lower legs and foot (mostly in Bosnia and Herzegovina) were the most common due to the specific characteristics of the warfare and the use of a large number of explosive ordnances and contact mines. These wounds are most often seen in industry, and situations such as car accidents.
The Pontén's 16 research (1981) and his findings that the subcutaneous, deep fascia is very rich in blood vessels of the perforators of the anterior and posterior tibial artery, and that a. peronea provides raising of reliable fasciocutaneous flaps with the length to width of the base ratio of 2.5-3:1 16 . At the end of the 1980s, the first papers describing distally-based, reverse and recurrent flaps appeared in the literature, that to a great extent facilitated a high-quality management of soft-tissue defects of the lower arm and foot [17] [18] [19] [20] . These distally-based flaps are fasciocutaneous, that makes them reliable, with the base to length ratio of even 1 : 3-4. Contrary to the reverse-flow flaps, recurrent flaps have the physiological entry into the circulation, that secures distal position and makes them highly reliable.
a)
One of those distally-based flaps is a flap based upon the ascending branch of the PARP. Circulation in this flap is recurrent, meaning that it has a physiological flow and a base on the anterolateral aspect of the lower arm, that it is vascularized via the recurrent, ascending branch of the PARP 12 . That recurrent circulation was in fact the topic of our investigation.
Published and available papers clearly show the presence of the ascending branch, but not its basic parameters such as diameter, length and probable communication with the adjacent blood vessels. The first paper to mention diameters of this distally-placed flap was published by Chang et al. 12 in 2004. In the series of 7 patients, they elevated the flaps of 17 × 6 cm in size on average and called them the new fasciocutaneous distally-placed flaps. They introduced them into the clinical practice.
Well aware that reconstruction procedures involving the region of the distal third of the lower leg are very limited 13, 21, 22 , our aim was to clearly define a potential flap and its application.
The cadaver age-related data proved to be very remarkable, since the vascularization of a potential flap is directly proprtional to the age. In other words, the older a cadaver, the smaller the length, width, and the surface of the marked skin. It is also known that the elasticity of blood vessels decreases, and their diameter is smaller in proportion to age.
The height of a cadaver was found to be another significant data indicating size of a potential flap. During the investigation, our results revealed a direct proportion between the height and size of a flap. It is also important to emphasize that the point from which the ramus perforans branches off the peroneal artery, measured from the lower edge of the lateral malleolus was also proprotional to the height of a patient. The important data concerning the cadaver's height is the point at which the ascending branch communicates with a. tibialis anterior. The measured values showed that the height of communication was directly proportional to the height of a cadaver.
Observing these parameters (age, height, tibular bone length) we found them to be very crucial for potential use of a flap in the clinical practice. It is clear that we should consider the patient's age, but in designing a flap, it is important to know at what level ramus perforans bifurcates, because those parameters indicate the size of a flap we could harvest, and the diameter of a defect and its localization that we can reconstruct.
Blood vessels in the group A, instilled with the mixture of gentian and gelatine, enabled us to adequatelly measure length and diameter of the perforator and its two branches.
At the same time, marking of the skin on the lateroanterial aspect of the lower leg showed the maximum dimensions, including both length and width, of a potential flap.
It should also be pointed out that, during instillation of gentian violete, we observed the changes in color in the distal two-thirds of a potential flap after instillation of the first 20 cm 3 . The color change in the upper third occured after instillation of the second 20 cm 3 under a higher pressure. We assumed that it was that height or length of the ascending blood vessel where it communicated with a. tibialis anterior, and that the proximal third was a part lying over that communication. In this case as well, the height of bifurcation of the perforating branch was proportional to the cadaver's height and the length of fibula.
The average length of a potential flap in those 10 lower legs, measured from the height of the bifurcation of the perforating branch proximally, was 164 mm (125-210 mm). Our expectation to obtain longer marked skin areas from higher cadavers and those with a longer fibula was fully confirmed.
If we compare the obtained data, it is clear that this flap by its length, width and design could be completely used for reconstruction of lateral malleolus defects, since the rotation point (pivot) was only 6.6 mm, proximal to the lower edge, and the average length of the marked surface was considerably larger. The distance of a potential flap rotation point from the medial malleolus was less than 7 cm, that makes it more convinient for reconstruction of medial malleolus defects as well.
The average width of potential flaps in the same 10 lower legs was 66 mm (57-77 mm). However, it should be emphasized that the length was clearly limited, whilst the width was asymmetrical. The widest part of a potential flap was 7-10 cm from the lower distal measurement point. In other words, the largest flap width was found at the level of communication between the ascending artery and a. tibialis anterior.
Upon completion of outer measurements of those 10 lower legs, we started dissection and elevation of the marked skin and fascia as fasciocutaneous flaps. During dissection, we closely followed the course and the length of the ascending branch of the perforator as the basic vascular branch of the flap, as well as the diameter of the ascending and discending branches at their origin immediately after their point of bifurcation.
The ascending branch is situated on the inner side of the deep fascia; on its recurrent course, it gives off a large number of small blood vessels which partly penetrate the fascia and pass into the subcutaneous region pushing their terminal branches towards the skin surface. Running from distal to proximal, this blood vessel is lost in the network of tiny blood vessels and capillaries. That visual effect completely matches the area of the marked skin.
By its characteristics, the obtained fasciocutaneous flap covered a great part of the distal third of the lower leg, including a part of the area of the Achilles tendon insertion as we have shown in this study.
The obtained parameters were compared with the available data in the literature.
The height of the perforator bifurcation point measured, as well, from the distal plane of the lateral malleous in cadavers (20 cadaveric lower legs) by Beveridge et al. 10 was 44-90 mm in diameter (the average of 67 mm). In the group of 10 cadavers, we measured the same height which averaged 66 mm.
Based on the data obtained by the same authors, the length of the perforator from its origin down through the interosseous membrane and up to the bifurcation point was 65 mm. We obtained the average length of 51.7 mm during our investigation.
The mentioned authors measured the diameter of ascending and discending branches shortly after bifurcation from the same tree in the same group of cadavers. The average diameter of ascending and descending branches were 10 mm and 11 mm, respectively. They came to the conclusion that the descending branch appeared to be stronger, and that it communicated with the terminal branches of the peroneal artery (aa. maleolares) and lateral branches (a. dorsalis pedis) forming, thus, a strong lateral malleolar plexus. At the same time, they pointed out that it is possible to design a distally-based flap that can be very reliable. It might be concluded from the presented that the obtained results are very compatible, with an insignificant discrepancy in measurements of the diameter of those two branches.
Our investigation proved that it might be possible to elevate a reliable, distally-based flap from the base in the direction of lateral malleolus. Our investigation confirmed that in the early 2010, Li et al. 23 used this flap for reconstruction of knee defects with microvascular anastomosis.
The method of making preparations is a very precise and reliable procedure which provided us with all the data significant for assessing the possibility of raising a distallybased reverse-flow flap vascularized by the ascending branch of the PARP and its use in the clinical practice.
This method was thoroughly applied in 10 lower legs at the Anatomic Institute of the School of Medicine. The main point of the method is to obtain the smallest blood vessel print of the lower leg and foot which relate to the actual anatomy, position and diameter.
The obtained preparation enabled us to precisely measure all the required parameters for assessing the quality of the analyzed blood vessel and its position and relationship to the adjacent blood vessels.
The diameter of the perforating branch before its bifurcations into ascending and descending branches averaged 1.37 mm (1.0-1.8 mm) in those 10 lower legs.
The diameter of the ascending branch at the level of its bifurcation from the main tree was 1.00 mm, whilst the diameter of the descending branch at its origin measured 0.99 mm. By this measurement, we found the diameter of the ascending branch to be minimally increased for 0.01 mm only.
Latest investigations conducted by Ribuffo et al. 14 using CT and a very sensitive Doppler sonography showed that the average diameter of ramus perforans was 1.91 mm, and the diameter of the first part of the ascending branch was 0.8 mm, that almost corresponded to the measurement results we obtained during the investigation.
The height at which the ascending branch communicates with the anterior tibial artery was 75-128 mm (the average of 102 mm).
In the precise study of the corrosive preparation, we observed that the terminal branches including both ascending and descending ones, give off a large number of tiny blood vessels to supply deep fascia and the overlying skin. The next issue observed was that they both communicate with a. tibialis anterior. The descending branch participates in the formation of the lateral malleolar plexus and communicates as well with the terminal branches of peroneal artery through rami lateralis.
Beveridge et al. 10 also very accurately described the communication of the descending branch of ramus perforans and its participation in the formation of the rete maleolaris lateralis as well as the possibilities of reverse-flow vascularization.
Based on those investigations, statistical data processing and the comparison of some methods, we determined that ramus perforans of the peroneal artery is a constant branch which branched off the peroneal artery at the average height of 57 mm, measured from the lower edge of the lateral malleous, pierced the interosseous membrane, and after transition of the average 47 mm and the diameter of 1.37 mm on transition, ramus perforans divided into an ascending and a descending branch, and that the ascending branch communicated with the anterior tibial artery in 90% of cases. By precise measuring and comparing the ratio between the length from the lateral malleolus to the rotation point (pivot point) of that flap, and from the rotation point to its tip, we could conclude that a flap is convenient for covering a defect exactly at the lateral malleolus level. By simultaneous measuring the length from the medial malleolus and Achilles tendon at the same level, we obtained the same results which indicated the possibility of using this flap for covering defects in those regions.
With respect to the clinical application of this flap, Xia et al. 24 in their study in 2009, reported the edge necrosis as a complication that occured in 2 of 22 patients. Statistical processing of the measured data revealed that the height at which ramus perforans branches off the peroneal artery, measured from the distal plane of the lateral malleolus, was 1/8 of the total length of the fibula. This data was found to be very essential for clinical planning and design of a potential flap based on ramus perforans, what was clinically confirmed by our study results (Figures 4, c and d) .
We also confirmed that the length of the ascending branch from the bifurcation point to the point of communication with the tibial artery was 1/5 of the total length of the fibula, that confirms the possibility of raising a reliable distally-based flap.
Conclusion
Based on the obtained findings analyses, the following could be concluded:
The peroneal artery is a constant blood vessel which supplies blood via its ramus perforans to a certain part of the
